Abstract -We derive a scaling ansatz for the mean first passage time (MFPT) τ of a driven polymer chain through a nanopore as a function of the chain length N , the external bias f , and the effective pore-polymer friction η, and demonstrate that the pore-polymer interaction, which we introduce as a correction term to asymptotic scaling, is responsible for the dominant finite-size effect. This ansatz provides a simple procedure to extract the asymptotic τ in the large-N limit from a finite chain length data (obtained either from experiment or simulation) by eliminating the correction-to-scaling term. We validate the ansatz applying it on a large set of data for τ obtained using Brownian dynamics (BD) and Brownian dynamics tension propagation (BDTP) simulation results (Ikonen T. et al., Phys. Rev. E, 85 (2012) 051803; J. Chem. Phys., 137 (2013) 085101) for a variety of combination for N , f , and η. As an important practical application we demonstrate how the rescaling procedure can be used to quantitatively estimate the magnitude of the porepolymer interaction from simulations or experimental data. Finally, we extend the BDTP theory to incorporate Zimm dynamics and find that the asymptotic results for τ (or the translocation exponent) remains unaltered with the inclusion of the hydrodynamics interactions (HI), although the convergence is slower than what we observe for Rouse dynamics. Using the rescaling ansatz we find that these new findings are in good agreement with the existing experimental results as well as with lattice Boltzmann results for driven polymer translocation (PT) for small N .
central question as to how the MFPT τ depends on the chain length N , characterized by the translocation exponent α (τ ∝ N α ). A large number of experimental groups have been exploring different variations of this method for fast, portable and inexpensive DNA sequencing device. To date, many aspects of driven PT has remained elusive and offers theorists a number of unresolved issues to be settled.
Unlike unbiased translocation where the threading polymer through the nanopore can be considered as a onedimensional diffusion across an entropic barrier [9, 10] , the driven PT is essentially a non-equilibrium process [18] [19] [20] [21] which makes this apparently innocuous problem intrinsically harder. A true non-equilibrium 38001-p1 treatment was given first by Sakaue, using a phenomenological picture of tension propagation (TP) along the chain backbone at the cis side [34] . Using force balance, mass conservation, and self-similarity of the polymer [34] [35] [36] [37] , Sakaue's theory is analytically solvable but only in the asymptotic limit of long chains when local effects, such as, friction inside the pore, small variations of pore width etc., become negligible. Therefore, this theory as such cannot be used to compare results obtained from many simulation studies and experiments on finite chains where non-universal effects can be large and can play a significant role. Indeed for the case of driven PT, translocation exponents obtained from different simulation and theoretical studies are scattered in a broad range and often underscore the theoretical prediction which has not been understood [23] . Therefore, a theory which will account for these effects for finite chain lengths and yet will smoothly interpolate to the infinite chain limit is something which is thus far missing and badly needed to understand and elucidate the role of different contributing factors to the translocation process.
One of the main purposes of this letter is to find a reason for the scattered values of the scaling exponents reported in the literature. We derive a scaling ansatz for the MFPT τ of a driven polymer chain through a nanopore as a function of the chain length N , the external bias f , and the pore-polymer interaction (friction) η, and demonstrate that the pore-polymer interaction, which we introduce as a correction term to asymptotic scaling is responsible for the dominant finite-size effect. This ansatz i) provides a simple procedure to extract the asymptotic τ in the large-N limit from a finite chain length data (obtained either from experiment or simulations) by eliminating the correctionto-scaling term, and ii) allows to exploit the rescaling procedure to quantitatively estimate the magnitude of the pore-polymer interaction from simulations or experimental data which can be of immense practical value.
Having established rather conclusively (from a huge set of simulation data that we gathered from BD and BDTP studies as explained later in the text) we naturally became ambitious to address the role of hydrodynamic interactions (HIs) in this context. Our third significant result in this letter is the iii) incorporation of Zimm dynamics into the BDTP model that we introduced earlier and iv) showing that in the presence of HIs the asymptotic behavior of MFPT of driven PT remains unaltered, although the finite chain effect is more acute. The existing lattice Boltzmann (LB) simulation study by Fyta et al. [33] and experimental results for driven PT by Storm et al. [8] agree well with our theory. Thus, we believe that these novel results apart from resolving some of the long-standing issues will promote further work on PT. We provide some of the possible extensions of these new results in the "Conclusions" section.
Theory. -A thorough account of the TP theory for the driven PT is given in [34, 35, 41, 42] in the asymptotic N limit, here we present some central results using relatively simple arguments. To find the mean translocation time τ (or the mean translocation velocity v ), for a chain of length N , one needs to consider the force balance between the driving force f and the drag force, as suggested, e.g., in ref. [8] . In principle, the total drag has three contributions: the friction due to the cis side subchain and the solvent, the corresponding friction for the trans side subchain and the friction of the chain portion inside the pore. For driving forces typically used in experiments and simulations, the trans side has an almost negligible contribution to the overall friction [42, 43] . Therefore, the effective friction Γ can be approximately written as Γ(t) = η cis (t) + η p , where η cis is the friction of the cis side subchain and η p is the (effective) pore friction. If the length of the pore, l p , is small compared to the contour length of the chain, l p aN (with a the segment length), the number of segments occupying the pore and thus the pore friction η p can be regarded as constant during the translocation process.
The friction due to the cis side subchain, on the other hand, depends explicitly on the number of mobile monomers on the cis side. Due to the non-equilibrium nature of the problem, this number depends not only on the chain length N but also on time t [17, 18, 32, 34, 36, 37, [40] [41] [42] [43] . Solved as a function of time, η cis (t) shows non-monotonic behavior that suggests the division of the translocation process into two stages: the tension propagation stage of increasing friction, and the post propagation stage of decreasing friction [42, 43] . However, averaged over the whole process, the time-averaged η cis is approximately given as η cis ∼ N ν , leading to the asymptotic (N → ∞) scaling of the mean translocation time as τ ∼ N ν+1 [40] [41] [42] [43] . The full solution of η cis (t) is rather involved (cf. refs. [42, 43] ). Here we show that the result η cis ∼ N ν can be obtained with a relatively simple argument, based in part on the work of DiMarzio et al. [45] . In equilibrium, the polymer assumes a configuration comprising several loops. Before the driving force can be transmitted to any given chain segment, the preceding loops need to be straightened. Only then can the tension propagate along the chain backbone. Therefore, the effective friction η cis is dominated by the motion of the unraveling loop closest to the pore, with the chain segments further away from the pore remaining essentially immobile. To estimate the average length of the loop, we note that for large N , the end-to-end distance of the polymer is given by the usual Flory scaling form R ∼ aN ν . To estimate the number of times the chain intersects a plane of thickness dR parallelly to the membrane (see fig. 1 ), we note that the number of segments within the plane, dN , is proportional to the average line density of monomers, N/R, giving dN ∼ N 1−ν dR. This is proportional to the number of times the chain intersects the plane and also proportional to the average number of loops in the chain (for large N ). The average length of one loop is thus proportional to N/N 1−ν = N ν . The number of mobile monomers at
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Influence of pore friction on the universal aspects of driven polymer translocation any given time is therefore proportional to N ν , and the friction due to the drag on the cis side is η cis ∼ ηN ν , where η is the solvent friction per chain segment. The total effective, time-averaged friction is thus of the form Γ ≈ CηN ν + η p , with C an N -independent constant. For a sufficiently strong driving force f , one can express the mean translocation time in terms of the average translocation velocity v . In a dissipative system, force balance implies v = f / Γ . Since the driven translocation proceeds via gradual uncoiling of the whole chain, the relevant length scale of the process is the chain's contour length, aN (note that this is in contrast with the assumption of ref. [8] , where the uniform contraction of the cis side chain suggests the radius of gyration as the relevant length scale). Thus, τ = aN/ v = aN Γ /f . With respect to the chain length, the complete relation is then
where A and B are independent of N , andη p ≡ η p /η is the dimensionless pore friction. This expansion of τ for finite N is one of the main results in this paper. It shows that the influence of the pore friction appears as a correction-toscaling to the asymptotic value of the translocation exponent α, defined via τ ∼ N α , which approaches α ∞ = 1+ν from below as
Here, the effective scaling exponent α(N ) is defined as
In addition, eqs. (1) and (2) suggest that if the dimensionless pore friction increases (e.g., by either decreasing the solvent friction η or by reducing the pore radius), the exponent α becomes smaller, especially for relatively short chains, in agreement with the theory [43] and MD simulations [20, 22, 28, 31] .
Our scaling analysis leaves the exact values of A and B in eqs. (1) and (2) undefined. However, we can expect the ratio B/A to be of the order of unity. In fact, one may use the tension propagation formalism [34] [35] [36] [37] 42, 43] in the strong-stretching approximation to derive the value B/A = 1+ν ≈ 1.588. While we do not expect this value to match our simulations exactly (since, because of numerical reasons, they will be in the stem-flower scaling regime, instead of the strong-stretching regime), it should give us an indication of the expected range of B/A. The tension propagation formalism can also be used to derive a second correction-to-scaling term, proportional to N 2ν . However, this term will be overshadowed by the other two terms, as the pore friction term already competes with the N 1+ν term. The argument holds even for significantly larger pore diameters, because the pore friction term has a nonvanishing contribution from the monomers in the vicinity of the pore [43] .
Results and discussion. -To clarify the influence of the pore friction on the translocation time, we have solved τ time as a function of the chain length for different pore frictions using the BDTP model [42, 43] . To quantitatively show that the deviation from the asymptotic limit is caused by the pore friction, we subtract the correction-to-scaling term and define a rescaled translocation time τ † as τ † = τ − Bη p N and the cor-
According to eq. (1), the rescaled translocation time can be expressed as
with the exponent α † independent of N at α † ≈ 1 + ν. In practice, to obtain the rescaled τ † , one has to find the numerical prefactor B by means of finite-size scaling. In the inset of fig. 2 this is done by plotting the translocation time data in the form τ/N 1+ν = A + Bη p N −ν . The coefficients A and B can then be obtained from a simple linear least squares fit.
The rescaled exponent α † as obtained from the BDTP model is shown in fig. 2 as solid symbols. All the curves corresponding to different values ofη p collapse onto a single master curve within the numerical accuracy around α † = 1 + ν, also coinciding with the idealη p = 0 solution. For very short chains, the collapse is not perfect because of secondary finite chain length effects that come 38001-p3 into play, and also because as a continuum level description the BDTP model may not accurately describe very short chains.
We have confirmed that the rescaling scheme works for raw data obtained from MD simulations, too, by performing Langevin thermostatted MD simulations using the Kremer-Grest bead-spring model [46] with typical parameters found in the literature (for a more detailed description, see, e.g., refs. [42, 43] ). We used the parameters f = 5.0, k B T = 1.2, η = 0.7, and pore diameters d p of 2.0, 1.6, and 1.4, and pore length l p = 1.0 (both in units of the segment length a), which correspond to the dimensionless pore friction of aboutη p ≈ 5.6, 7.3 and 10.5, respectively [43] . The chain lengths in the simulations were 10 ≤ N ≤ 300, with τ averaged over 5000-10000 successful events for each N .
Plotting the effective exponent α(N ) reveals the same dependence on N as predicted by the theory. As shown in fig. 3 , the measured values show excellent agreement with the theoretical values calculated from eq. (2) with B/A = 1.38. As expected, this value is fairly close to the predicted 1 + ν. Furthermore, by performing finitesize scaling similar to the BDTP case, we see that the rescaled exponent α † reaches the asymptotic value almost immediately; within the statistical error, the value is α † = 1 + ν already for N = 20. This shows that eq. (1) is valid for remarkably short chains and that the dominant finite-size effect in the driven translocation process is the frictional interaction between the pore and the polymer.
Finally, we would like to point out another important feature of the scaling solution. Used in reverse, the finitesize scaling procedure can be used to estimate the term 1 2 log (N) ) as a function of the chain length N from MD simulations with three different pore diameters (black squares: dp = 2.0; red circles: dp = 1.6; blue triangles: dp = 1.4). The solid lines correspond to the theoretical value calculated from eq. (2), with the fitting parameter B/A = 1.38. Solid symbols: the same data rescaled as in fig. 2 , showing the collapse to the value α † = 1 + ν (dashed line). Inset: finite-size scaling plot used to extract the contribution of the pore friction.
B
Aη p by varyingη p so that the rescaled exponent becomes independent of N at α † ≈ 1 + ν. This can be done for any geometry that satisfies l p aN . For instance, one could perform the measurement for pores of different diameters and use a relation between the diameter and pore friction (see, e.g., refs. [8, 43] ) to determine both the ratio B/A and the pore frictionη p separately from the data. This should be quite feasible, since the ratio B/A is expected to have only a weak dependence on the pore geometry, and thus slight changes in pore geometry will be reflected mostly inη p . While measuring the pore friction directly from the monomer waiting time distribution as outlined in refs. [42, 43] is more accurate, the reverse scaling procedure may be used even if the waiting time distribution is not available, as is typically the case in experiments.
Because the driven polymer translocation problem is inherently a dynamical, non-equilibrium process, it is expected that hydrodynamic interactions (HIs) from solvent should play a role. In the simplest approximation, the HIs can be included by considering the Zimm type of friction instead of the Rouse friction as in Langevin dynamics simulations. This means writing down the force balance condition such that the drag force (and the friction η cis ) is proportional to the linear length of the mobile subchain on the cis side, instead of being proportional to the number of mobile monomers. The rationale is that for intermediate forces, when the cis side subchain adopts a shape reminiscent of a trumpet (or a stem-flower), the solvent inside the trumpet is also set in motion and therefore the monomers inside the trumpet do not fully contribute to the drag force. Therefore, the overall drag force from the cis side subchain should be slightly smaller for the Zimm
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Influence of pore friction on the universal aspects of driven polymer translocation case. However, since the maximum linear length of the mobile part of the cis side subchain is still given by the end-to-end distance R ∼ aN ν , we expect eq. (1) to hold even in this case, although with a smaller prefactor A in the leading term.
To test this simple argument, we have implemented the Zimm friction of the cis side subchain into the BDTP model. To this end, one merely modifies the force balance equation (e.g., eq. (A1) in ref. [42] ) so that the drag force is given by the size of the tension blob (ξ) instead of the number of monomers within the blob (ξ 1/ν ). This amounts to replacing the force balance equation of Rouse type as f
is the instantaneous velocity of the monomers at position x, and x = −X is the location of the last mobile monomer. One then carries out the same numerical implementation as described in refs. [42, 43] using the modified force balance equation. The difference between the Zimm and Rouse frictions in the context of the tension propagation formalism is also further discussed in refs. [34, 36, 37, 40, 41] .
The comparison between the Rouse and Zimm dynamics is shown in fig. 4 . In both cases the BDTP model was solved with f = 5.0, k B T = 1.2, η = 0.7, andη p ≈ 7.14 for up to N = 5 · 10 9 . For the Rouse friction, the effective exponent α(N ) is consistently larger than for the Zimm friction, and eventually approaches 1 + ν for large N . For the Zimm friction, the approach to the symptomatic limit is considerably slower. In fact, even for N ≈ 10 9 , the numerical value (α ≈ 1.57) still increases with N . To illustrate the importance of the pore friction term to the slow convergence, we have solved the model with zero pore friction (η p = 0), showing considerably faster convergence.
Altogether, the numerical results in the large-N limit seem to be in agreement with 1 + ν, which has also been predicted to be the asymptotic value using analytical approximations to the tension propagation theory [40, 41] .
In the short-chain regime, we obtain α(N = 100) ≈ 1.37 ± 0.01 and α(N = 100) ≈ 1.31 ± 0.01 for the Rouse and Zimm cases, respectively. Although a detailed comparison with experiments or hydrodynamical simulations is difficult due to the lack of knowledge on the pore friction (η p ), the numerical value of 1.31 seems to be in good agreement with the experimental (α ≈ 1.27 ± 0.03, ref. [8] ) and lattice Boltzmann simulation results (α ≈ 1.28 ± 0.01, ref. [33] ). In particular, the difference in the exponents measured with and without HIs (0.06 ± 0.02) matches the difference reported in ref. [33] (0.08±0.04). In addition, in agreement with computer simulations [18, 33] , the overall translocation time is reduced by the addition of the HIs, as shown in the inset of fig. 4 .
Conclusions. -In this work, we have proposed, using theoretical scaling arguments, that the mean translocation time τ of a polymer chain of length N driven through a nanopore by an external bias f can be written as a sum of two terms in the form τ ≈ A(f, η)N 1+ν + B(f, η)η p N , where the solvent friction is characterized by η. The first term is derived from the out-of-equilibrium dynamics of the cis side subchain and dominates for large N , while the second term stems from the interactions between the polymer and the pore and remains significant for the typical chain lengths in both experiments and computer simulations. This unified scaling form is an important physical result and powerful tool for the analysis of driven translocation. By eliminating the correction-toscaling term one can isolate and quantify the effect of pore friction by means of finite-size scaling. We have demonstrated by using both a theoretical model of translocation dynamics and molecular-dynamics simulations that the rescaled exponent reaches the asymptotic limit already for extremely short chains (N < 100), whereas the conventionally defined exponent does not. In addition, we argue that in the presence of hydrodynamic interactions, the translocation time becomes shorter but can still be expressed as a sum of the two terms. We present results from the theoretical model proposed in refs. [42, 43] with hydrodynamic interactions, obtaining quantitative agreement in the scaling exponent α with both theoretical and experimental results reported in the literature. The correction to the scaling ansatz can in principle be generalized to incorporate other effects, e.g., chain stiffness, cis-trans solvent asymmetry etc. to study translocation dynamics of stiff biopolymers [44] , a problem which has attracted considerable attention to understand translocation of protein and nucleic acids. * * * This work has been supported in part by the Academy of Finland through its COMP Center of Excellence Grant
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